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Neofusicoccum is  a recently described genus of common endophytes and pathogens of  woody hosts, pre- 
viously placed in  the genus Botryosphaeria. Many morphological characteristics routinely used to describe 
species overlap in  Neofusicoccum, and  prior  to the  use  of molecular phylogenetics, isolates from different 
hosts and locations were often misidentiﬁed. Two  cryptic  species  Neofusicoccum ribis  and Neofusicoccum 
parvum were initially described from different continents and recently another four species within this 
complex were described using ﬁxed nucleotide polymorphisms for  differentiation. In a survey of eucalypt 
cankers in eastern Australia, a collection of morphologically similar Neofusicoccum isolates were obtained. 
This  collection was analysed within the framework of  the morphological (MSRC),  ecological (ESRC) and 
phylogenetic  (PSRC)  species recognition  concepts.  Morphological data  based  on   spore measurements 
(MSRC),  together with pathogenicity trials (ESRC) were considered alongside molecular analysis (PSRC), 
which included multiple gene phylogenies constructed from four nuclear gene regions. We  also used the 
Genealogical Sorting Index method  to provide objective evidence for  the status of  terminal taxa in  the 
phylogenetic analysis. The  isolates examined exhibited overlapping morphological and culture character- 
istics, similar pathogenicity to excised stems and shared hosts within the same locations. Phylogenetic 
analysis separated isolates into 8 clades corresponding to six  described species: N. ribis,  N. parvum, Neo- 
fusicoccum  kwambonambiense,    Neofusicoccum  cordaticola,  Neofusicoccum  umdonicola,  Neofusicoccum 
batangarum, and two new species. GSI support indicated combined phylogenetic data were monophyletic 
for  all  clades and all  p-values were signiﬁcant allowing us  to reject the null hypothesis that all  groups 
were from a single mixed group. Consequently the description of Neofusicoccum occulatum is presented. 
 
 
 
1. Introduction 
 
Cryptic species are  characterised by  recent genetic divergence. 
Phenotypic  characteristics  such  as    morphology  (reproductive 
structures,  growth  and  culture  appearance)  and  ecology (host 
speciﬁcity, distribution  and pathogenicity) may not  have measur- 
ably  altered. Reproductive isolation may not  be complete, resulting 
in  incomplete phylogenetic separation and potential hybridisation 
between sister species. Phylogenetic analysis may separate cryptic 
taxa but traditional statistical support such as  bootstrap support 
for this separation may be poor. Failure to recognise cryptic species 
has  major implications for  biodiversity estimates, conservation ef- 
forts and understanding the evolutionary behaviour of related spe- 
cies.  Recently a  new statistical  method, the  Genealogical Sorting 
Index (GSI) has  been introduced (Cummings et al., 2008). The  use- 
fulness of  this method has  been demonstrated  in  studies investi- 
gating  cryptic  species  in   lemurs  (Weisrock et  al.,   2010)  and 
determining  lineages in  rice,  despite incomplete lineage sorting 
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and introgression/hybridisation events (Cranston et  al.,  2009).  In 
each  case,   the  GSI provided  additional  objective information  for 
clarifying the  relationship  between  genetic lineages. Ascomycete 
fungi have a relatively limited range of morphological and ecolog- 
ical  characteristics  to  delineate them, which has   resulted  in  the 
underestimation  of   species  numbers   (Hawksworth,  2001).  Re- 
cently, cryptic fungal species, which could not  be  separated using 
classic taxonomy, have been described using combined multiple 
gene genealogies. The  GSI statistical method is an  ideal tool  to  as- 
sist  with and to  help determine and clarify species. 
DNA will  change before other measurable characters (i.e. phe- 
notypic characters); therefore DNA is  essentially the measurable 
‘‘units’’  of  evolution and  species are  essentially the  ‘‘end  points’’ 
of  evolution. Species that  have  recently  diverged may  not   have 
achieved monophyly at all  genetic loci.  Discordance amongst gene 
trees and the expected species trees causes problems for classiﬁca- 
tion i.e.  when  does a  genetically diverse species become  several 
distinct species? The  GSI seeks to  quantify the exclusive ancestry 
of individuals in user labelled groups on  a rooted tree; it effectively 
provides a  value (0–1) on  the degree of  monophyly  a  group has 
reached and the level   of  support (p-value) for  this value. It  does 
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this by  comparing the minimum, maximum and actual number of 
nodes required to  unite a group in  a rooted tree and tests the null 
hypothesis that the degree of monophyly observed is what would 
be  expected at random with labelled groups forming one  group of 
mixed ancestry; a rejection of the null  hypotheses implies the la- 
belled groups are  distinct from each other and the GSI value indi- 
cates the degree of  monophyly reached (a  value of  one  indicates 
monophyly). This  GSI is useful in  characterising recently/currently 
diverging species, hybrids, cryptic species and gene vs. species tree 
mismatches (Cummings et al., 2008). It can  be used with single and 
multiple gene phylogenies. The  application of the statistic is  easy, 
requiring  only   a  tree  ﬁle   and  access to  the  World Wide Web 
(www.genealogicalsortingindex.org). The  reliance on  phylogenetic 
analysis  of  DNA  sequence data  to  separate  species depends  on 
some level  of subjectivity particularly the decision to  make a pop- 
ulation into a separate species. The GSI provides an objective meth- 
od   that  will   determine  if  the  labelled  groups  are   statistically 
different and the level  of monophyly they have achieved. 
The  genus  Botryosphaeria has  recently been re-evaluated based 
on  the LSU sequence (Crous et al.,  2006). Botryosphaeria has  been 
retained  for  only   two  species;  Botryosphaeria dothidea and  Bot- 
ryosphaeria corticis  (Crous et al.,  2006). The  genus Neofusicoccum, 
consists of  species  with  Fusicoccum-like anamorphs and Dichomera- 
like  synanamorphs (Crous et al.,  2006). The  lack  of distinguishing 
morphological  features  within  Neofusicoccum spp.   has   led  to  the 
use   of  molecular  phylogenetics  to   identify species within  this 
genus (Begoude et  al.,  2010;  de  Wet   et al.,  2003;  Pavlic   et  al., 
2009b;  Sakalidis, 2004;  Slippers et  al.,  2004b,  2004c). Multiple 
gene genealogies have highlighted the existence of cryptic species 
(multiple species which have been described under one  name) that 
could not  previously be  identiﬁed through the use  of  single gene 
phylogenies. 
Historically,  Neofusicoccum parvum (Pennycook and  Samuels, 
1985)  and  Neofusicoccum ribis  (Grossenbacher and Duggar, 1911) 
have repeatedly confused (Slippers et  al.,  2004a;  Smith and  Sta- 
nosz, 2001). Slippers et al. (2004a) designated a neotype for  N. ribis 
and demonstrated the separation of  N. ribis  and N. parvum using 
multiple  gene  genealogies.  Four    new  species  have  since  been 
described from within  the  N.  parvum–N.  ribis  species  complex. 
Neofusicoccum  cordaticola,  Neofusicoccum  kwambonambiense    and 
Neofusicoccum umdonicola (Pavlic  et al., 2009a), and Neofusicoccum 
batangarum (Begoude et al.,  2010). These species were recognised 
using the  genealogical concordance phylogenetic species recogni- 
tion concept (GCPSR) which is a modiﬁed form of the phylogenetic 
species concept (Taylor et al., 2000). These four  new species were 
separated based on  ﬁxed sequence polymorphisms located within 
up  to  ﬁve  gene regions and appear to  have undergone morpholog- 
ically  static cladogenesis i.e. speciation without morphological dif- 
ferentiation (Bickford et al., 2007), in fact  morphological characters 
overlap between the six  species of the N. parvum–N. ribis  complex, 
supporting their classiﬁcation as  a species complex. 
A new species is  formed when  a  character  from an  ancestral 
polymorphism is transformed to  a new/different state. These char- 
acters provide the evidence of  speciation (Wheeler and Platnick, 
2000). Despite well  supported phylogenetic divisions amongst iso- 
lates in  the N. parvum–N. ribis  complex, the number of parsimony 
informative steps  required  to   form  these  divisions  is  relatively 
low  when compared to  the separation of  the N. parvum–N.  ribis 
complex  from  other  Neofusicoccum species.  The  number of  steps 
relates to  the amount of parsimony informative sites. This  comes 
down to  a  question of  ‘‘arbitrary division:’’  how much difference 
between  sequences  is  required  before  species  divisions  are   ac- 
cepted? The potential for inﬁnite regression is a concern for phylo- 
genetic based  species studies  (de   Pinna,  2000).  The  GSI method 
provides a numerical value of the level  of monophyly and provides 
statistical support (p-value) for separation of labelled taxa; provid- 
ing    an      additional    objective  tool      useful  for    species    level 
classiﬁcation. 
Species recognition in fungi was  traditionally based on  morpho- 
logical characters  (Hawksworth  et  al.,  1995).  Since   the  use   of 
molecular data in  fungal taxonomy the relative relevance of mor- 
phology, niche and DNA phylogenies have been debated (Carbone 
and  Kohn,  2001; Taylor   et al.,  2006). Species should  be  deﬁned 
according to the evolutionary species concept ‘‘An entity composed 
of  organisms  which    maintains  its  identity  from  other  such  entities 
through time  and  over  space,  and  which  has  its own  independent evo- 
lutionary tendencies and  historical fate’’ (Wiley and Mayden, 2000). 
Preliminary  evaluation  of  Neofusicoccum  isolates  from  diseased 
eucalypts and other woody species in  eastern Australia suggested 
the presence of several cryptic species within the N. parvum–N. ri- 
bis complex. In order to  recognise species consistent with the evo- 
lutionary  species  concept  and  to    satisfy  traditionally  accepted 
species  description  methods,  three  recognition  concepts  were 
tested;  the  morphological (MSRC),  ecological  (ESRC) and  GCPSR. 
The  examination of  culture and spore morphology (MSRC), niche, 
host association and pathogenicity tests (ESRC) and the construc- 
tion  of    multiple  gene  phylogenies  using  molecular  markers 
(GSPSRC) and the application of  the GSI (Cummings et al.,  2008) 
to  this phylogenetic data set  resolved a new species described here 
as  Neofusicoccum occulatum. 
 
 
2. Materials and methods 
 
2.1. Origin  and  identity of isolates 
 
Forty  isolates were considered in  this study, 16  of which were 
isolated  from Eucalyptus spp.  and other woody plants  in  eastern 
Australia (Table 1).  For the phylogenetic analyses, the ex-type iso- 
lates of N. ribis  (CMW7772), N. parvum  (ICMP8003), N batangarum 
(CBS124294),  N.  cordaticola  (CBS123634),  N.  kwambonambiense 
(CBS123639), N. umdonicola (CBS123645) and  other  representative 
isolates of each species were included (Table 1). Cultures of all iso- 
lates used are  maintained  at Murdoch University (MUCC)  and in 
the CMW  collection of the Forestry and Agriculture Biotechnology 
Institute, University of Pretoria, South Africa. 
 
 
2.2. DNA extraction, PCR ampliﬁcation, and  sequencing 
 
Single  conidial isolates were grown on  half  strength PDA (19  g 
PDA in  1 L distilled water, Difco™ PDA, Sparks, MD, USA, 7.5  g agar 
in  1 L  distilled water;  BBL™ Agar  Grade A, Sparks, MD,  USA) for 
approximately  one   week at  20  oC.  The  mycelial mass  was   har- 
vested and placed into 1.5  mL sterile Eppendorf tubes. A modiﬁed 
method  from Raeder and  Broda   (1985)  was   used to  extract the 
DNA (Taylor et  al.,  2005). DNA was   puriﬁed using the  Ultrabind 
DNA  puriﬁcation  kit    in    accordance  with  the  manufacturer’s 
instructions (MO BIO Laboratories, Solana Beach,  California). 
Four  gene regions were sequenced: internal transcribed spacer 
of  the rDNA  (ITS), b-tubulin (BT), translation elongation factor 1- 
a (EF) and RNA polymerase subunit II (RPB2) (Table 2). In general, 
the  reaction mixture contained 15.4  lL  of  Ultrapure  PCR grade 
water,  5 lL  of  buffer,  2 lL  of  Mg
2+,  0.5 lL  of  each primer  and 
0.5U  of  Taq polymerase (Biotech International) and 1.5 lL of  DNA 
(5 ng lL
-1). These were run in the following thermal cycling condi- 
tions: initial denaturation at 94  oC for  two min,  then 35  cycles of 
94  oC for  30  s, 55  oC for  45  s and 72  oC for  1 min and a ﬁnal exten- 
sion   of  72  oC  for  5 min.   Two  isolates,  MUCC227   and  MUCC270, 
failed to  amplify  using the  primers  EF1-728F and  EF1-986R and a 
new reverse primer was  designed (EF-BR) (Table 2).  Running con- 
ditions for  the new primer combination were as  described above  
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Table 1 
Botryosphaeriaceous isolates considered in  this study. For  all  isolates, the ITS clade is  provided. Genbank numbers are provided for  the four gene regions sequenced in  this study (ITS, ß-tubulin,  EF1-a and RPB2). 
 
  Genbank no.
b
   
Identity  Code
a
  Alternate code
a
  Origin  Host  Isolator  ITS  ß-Tubulin  EF1-a  RPB2 
Neofusicoccum occulatum    MUCC227  NE Australia  Eucalyptus grandis hybrid  T Burgess  EU301030  EU339472  EU339509  EU339558 
N. occulatum   
CMW9070  E Australia  Wollemia nobilis  B Summerell  AY615164  AY615148  AY615156  EU339556 
N. occulatum   
MUCC232  NE Australia  E. urophylla hybrid  TI Burgess  EU301031  EU339473  EU339510  EU339559 
N. occulatum  WAC12395  MUCC286  NE Australia  E. pellita  TI Burgess  EU736947  EU339474  EU339511  EU339560 
N. occulatum   
MUCC296  NE Australia  E. pellita  TI Burgess  EU301034  EU339475  EU339512  EU339561 
N. occulatum   
MUCC270  NE Australia  E. grandis  TI Burgess  EU339529  EU339471  EU339508  EU339557 
N. sp.  karanda  WAC12396  MUCC247  NE Australia  E. grandis hybrid  T Burgess  EU301028  EU339476  EU339513  EU339562 
N. sp.  karanda   
MUCC125  E Australia  E. dunnii  G Hardy  EU339525  EU339477  EU339514  EU339563 
N. batangarum  CBS 124922  CMW  28315  Cameroon  Terminalia catappa  D Begoude  FJ900606  FJ900633  FJ900652  FJ900614 
N. batangarum  CBS 124924  CMW  28363  Cameroon  T. catappa  D Begoude  FJ900607  FJ900634  FJ900653  FJ900615 
N. batangarum  CBS124923  CMW  28320  Cameroon  T. catappa  D Begoude  FJ900608  FJ900635  FJ900654  FJ900616 
N. batangarum   
CMW  28637  Cameroon  T. catappa  D Begoude  FJ900609  FJ900636  FJ900655  FJ900617 
N. cordaticola  CBS 123634  CMW13992  South Africa  Syzygium cordatum  D Pavlic  EU821898  EU821838  EU821868  EU821928 
N. cordaticola  CBS 123635  CMW14056  South Africa  S. cordatum  D Pavlic  EU821903  EU821843  EU821873  EU821933 
N. cordaticola  CBS 123636  CMW14054  South Africa  S. cordatum  D Pavlic  EU821906  EU821846  EU821876  EU821936 
N. cordaticola  CBS 123637  CMW14151  South Africa  S. cordatum  D Pavlic  EU821922  EU821862  EU821892  EU821952 
N. cordaticola  CBS 123638  CMW14124  South Africa  S. cordatum  D Pavlic  EU821925  EU821865  EU821895  EU821955 
N. kwambonambiense   
MUCC157  E Australia  E. dunnii  TI Burgess  EU339522  EU339479  EU339516  EU339522 
N. kwambonambiense   
MUCC210  NE Australia  Corymbia torelliana  TI Burgess  EU301016  EU339478  EU339515  EU339564 
N. kwambonambiense  CBS 123639  CMW14023  South Africa  S. cordatum  D Pavlic  EU821900  EU821840  EU821870  EU821930 
N. kwambonambiense  CBS 123643  CMW14123  South Africa  S. cordatum  D Pavlic  EU821924  EU821864  EU821894  EU821954 
N. kwambonambiense  CBS 123641  CMW14140  South Africa  S. cordatum  D Pavlic  EU821919  EU821859  EU821889  EU821949 
N. kwambonambiense  CBS 123645  CMW14155  South Africa  S. cordatum  D Pavlic  EU821923  EU821863  EU821893  EU821953 
N. parvum   
CMW6235  E Australia  T. lepidota  MJ Wingﬁeld  AY615136  AY615120  AY615128  EU339569 
N. parvum   
MUCC673  W  Australia  E. globulus  TI Burgess  EU339553  EU339483  EU339520  EU339570 
N. parvum   
CMW9071  E Australia  Ribis  sp.  MJ Wingﬁeld  AY236938  AY236909  AY236880  EU339571 
N. parvum   
MUCC124  E Australia  E. dunnii  G Hardy  EU339544  EU339481  EU339518  EU339567 
N. parvum   
MUCC211  NE Australia  C. torelliana  TI Burgess  EU301017  EU339480  EU339517  EU339566 
N. parvum   
MUCC676  E Australia  W.  nobilis  GS Pegg  EU339545  EU339482  EU339519  EU339568 
N. parvum  ICMP  7933  CMW9079  New Zealand  Actinidia deliciosa  SR Pennycook  AY23694  AY236915  AY236886  EU821961 
N. parvum  ICMP  8002  CMW9080  New Zealand  Populus nigra  GJ Samuels  AY236942  AY236916  AY236887  EU821962 
N. parvum  ICMP  8003  CMW9081  New Zealand  P. nigra  GJ Samuels  AY236943  AY236917  AY236888  EU821963 
N. ribis   
CMW7772  USA  Ribis  sp.  B Slippers  AY236925  AY26906  AY236877  EU339554 
N. ribis   
CMW7773  USA  Ribis  sp.  B Slippers  AY236936  AY236907  AY236878  EU339555 
N. ribis  CBS 121.26  CMW7054  USA  R. rubrum  B Slippers  AF241177  AY236908  AY236879  EU821960 
N. umdonicola  CBS 123645  CMW14058  South Africa  S. cordatum  D Pavlic  EU821904  EU821844  EU821874  EU821934 
N. umdonicola  CBS 123646  CMW14060  South Africa  S. cordatum  D Pavlic  EU821905  EU821845  EU821875  EU821935 
N. umdonicola   
CMW14096  South Africa  S. cordatum  D Pavlic  EU821913  EU821853  EU821883  EU821943 
N. umdonicola  CBS 123647  CMW14079  South Africa  S. cordatum  D Pavlic  EU821915  EU821855  EU821885  EU821945 
N. umdonicola  CBS 123648  CMW14127  South Africa  S. cordatum  D Pavlic  EU821926  EU821866  EU821896  EU821956 
a  MUCC:  Murdoch University Culture Collection, Perth, Western Australia; CBS: Centraalbureau voor Schimmelcultures Utrecht, Netherlands; CMW: Forestry and Agricultural Biotechnology Institute, University of Pretoria, South 
Africa; ICMP:  International  Collection of  Microorganisms from Plants, Auckland, New Zealand. WAC:  WA  culture collection, Agricultural Department of  Western Australia. 
b  Genbank numbers in italics denote sequence data obtained from other studies. 4  M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx 
 
 
 
Table 2 
Sequences and characteristics of primers used for  ampliﬁcation of conserved gene regions from Neofusicoccum species. 
 
Region  Primers  Primer Sequence (50 -30 )
a
  Size(bp)  AT
b  (oC)  References 
ITS  ITS1F  CTT GGT  CAT TTA GAG  GAA GTA A  500  55  Gardes and Bruns (1993) 
 
ITS4  TCC TCC GCT TAT TGA TAT GC     
White et al.  (1990) 
BT  BT2a  GGT  AAC CAA ATC GGT  GCT GCT TTC  450  55  Glass and Donaldson (1995) 
 
BT2b  ACC CTC AGT GTA GTG  ACC CTT GGC       
EF-1a  EF1-728F 
EF1-986R 
CAT CGA GAA GTT CGA GAA GG 
TAC TTG AAG GAA CCC TTA CC 
350  55  Carbone et al.  (1999) 
EF-1a  EF-BR  CRA TGG  GTG  ATA CCA RCG CTC  300  52  This study 
RPB2  RPB2-6F  TGG  GGK WTG  GTY TGY CCT GC  800  Variable  Liu et al.  (1999) 
 
frRPB2-7cR  CCC ATR GCT TGY TTR CCC AT       
RPB2  RPB2bot6F  GGT  AGC GAC GTC ACT CCC  500  55/52  This study 
 
RPB2bot7R  GGA  TGG  ATC TCG CAA TGC G       
a   Mixed base codes: R(AG),  Y(CT), K(GT),  W(AT). 
b   Annealing temperature. 
 
 
except for isolate  ICMP8002 for which 1.5 lL of each primer and an 
annealing temperature of 52  oC was  used. 
RNA  polymerase  II  subunit  (RPB2)   degenerate  primers  (Liu 
et al., 1999) were tested at a range of temperatures and in  a range 
of  combinations  to  amplify  four   isolates. Products ampliﬁed at 
53  oC using RPB2-6F  and frRPB2-7cR  primer pair  and were sepa- 
rated using a  3%  agarose gel.  Bands of  1.2 kbp  were cut  out  and 
the product was  puriﬁed according to the manufacturer’s instruc- 
tions  using the  Quantum Prep   TM  Freeze  ‘N  Squeeze  DNA  Gel 
Extraction  Spin    Columns  (Catalogue  Number:  732-6160  BioRad 
Laboratories, Switzerland). The  product was  then sequenced using 
frRPB2-7cR,   the  sequences were compared between  the  isolates 
and  two  new  primers  were  designed,  RPB2bot6F and  RPB2bot7R 
(Table 2).  These primers ampliﬁed a 500  bp  region of RPB2 for  all 
isolates  except   MUCC211    for   which   primers   RPB2bot6F and 
FrRPB2-7cR  were used. PCR products were cleaned and sequenced 
as described previously (Taylor et al., 2005). 
 
2.3. Phylogenetic analyses 
 
Sequence data of the four  gene regions (ITS, BT, EF and  RPB2) 
were analysed using Sequence Editor version 1.03.  Gaps  were trea- 
ted  as  a  ﬁfth  character and all  characters were unordered  and of 
equal weight. Repetitive minisatellite  regions in  the intron of  EF 
in   N.  ribis   were  excluded.  Congruence  amongst  all   loci   were 
conﬁrmed using partition  homogeneity tests  (Farris et  al.,  1995; 
Huelsenbeck et al., 1996). PAUP (Phylogenetic  Analysis Using  Par- 
simony) version 4.0b10 (Swofford, 2003)  was   used to  determine 
phylogenetic relationships for  the single and combined data sets. 
The  most parsimonious trees were found using heuristic searches, 
using  stepwise  addition  and  tree  bisection  and  reconstruction 
(TBR) as the branch swapping algorithm. Maxtrees were unlimited; 
branches were collapsed if maximum length was  zero.  Uninforma- 
tive  characters were excluded from analysis. 1000 bootstrap repli- 
cates  (Felsenstein, 1985)  were  done  to   assess  the  support  for 
branching and isolates of Neofusicoccum australe  were  used  as  the 
outgroup.  Estimated  levels of  homoplasy and phylogenetic signal 
(retention and consistency indices and g1-value) (Hillis  and Huel- 
senbeck, 1992) were also  determined using PAUP. 
Bayesian analysis was  conducted on  the same aligned datasets 
used  in  the  parsimony  analysis. MrModeltest v.  2.5  (Nylander. 
2004. Evolutionary Biology  Centre, Uppsala University)  was   used 
to  determine the best nucleotide substitution model. Phylogenetic 
analyses were then  performed with MrBayes v.  3.1  (Huelsenbeck 
et al.,  2001; Ronquist and Huelsenbeck, 2003) applying a  general 
time-reversible (GTR) substitution model with gamma (G) and pro- 
portion of invariable site  (I) parameters to  accommodate variable 
rates across sites. The  Markov Chain  Monte Carlo  (MCMC) analysis 
of   four   chains  started  from  random  tree  topology and  lasted 
1,000,000 generations.  Trees   were  saved every 1000 generations, 
resulting in  10,001 saved trees. Burn-in was  set  at 100,000 gener- 
ations (after the likelihood values converged to stationary), leaving 
9000 trees from which the consensus trees and posterior probabil- 
ities were  calculated. PAUP  4.0b10  was   used  to  reconstruct the 
consensus  tree,  and  maximum  posterior  probabilities  were  as- 
signed to  branches after a  50% majority rule consensus tree was 
constructed from the 9000 sampled trees. Alignments are  available 
from TreeBASE (S10644 and www.treebase.org). 
 
2.4. GSI method 
 
From  each gene tree and combined gene region analysis, rooted 
bootstrap consensus trees and their branch lengths and the last 
100   trees  produced from Bayesian analysis, were  uploaded into 
the  online  program  available  from  www.genealogicalsortingin- 
dex.org. Each  isolate was  assigned a group name that corresponded 
to  species name  (N.  batangarum,  N. cordaticola,  N. kwambonamb- 
iense,  N. occulatum, N. parvum, N. ribis,  Neofusicoccum sp.  karanda, 
N. umdonicola and N. australe). The  GSI was  calculated for  all  trees 
using 10,000 permutations  (Cummings et al., 2008). 
 
2.5. Morphology 
 
In  order  to   induce  fruiting body formation  each  isolate was 
sub-cultured  onto  individual  tap    water  agar plates (tap  water 
containing  15 g/L   of   agar,    BBL™  Agar   Grade  A,  Sparks,   MD, 
USA) overlaid with  two  sterile eucalypt twigs, Populus   sp.  twigs 
(twigs were halved and were 5–7  mm diameter) and two sterile 
Pinus  radiata needles (twigs and needles were sterilised by  auto- 
claving three  times  over   three  consecutive days) and  incubated 
at   20  oC    under   near-ultraviolet   light.  Fruiting  bodies  were 
mounted  in  lactoglycerol and  tryphan  blue  and  were  observed 
on   an   Olympus  RX51  Microscope with  MicroPublisher 3.2  soft 
imaging system.  Measurements  were  made  of  conidiomata and 
conidiogeneous cells   on  an  Olympus BH-2  microscope. Measure- 
ments of conidiomata were based on  30  observations, and conid- 
iogeneous   cells    were   based   on    at   least   50    observations. 
Observations and  measurements  of  conidia  were  based  on   50 
observations  using  an    Olympus  RX51  Microscope  with  Micro- 
Publisher  3.3    RTV Q  imaging  camera  using  the  image  analysis 
software Olysia  BioReport 3.2  soft  imaging system to  make mea- 
surements.  Morphology of  cultures  were  observed from colonies 
incubated at  20  oC  for  2 weeks,  in  the  dark on   2% malt  extract 
agar  (MEA)(20  g/L  of   malt  extract  Becton;  Dickensen  and  Co, 
Sparks,  USA and  20  g/L  of  agar). Culture  colour  was   determined 
according to the  Munsell soil  colour chart  (Anon.,   2000).  Colony 
growth rates  were  determined  from cultures grown on  2% MEA 
at 5–35 oC (at  5 oC intervals). Three replicates were made of each M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  5 
 
 
 
 
 
Fig.  1.  (A) The  most parsimonious tree based on the combined ITS, BT, EF1-a and RPB2 sequence data of isolates within the Neofusicoccum parvum/N. ribis  complex. Bootstrap 
values are indicated in italics above the branches and posterior probability based on Bayesian analysis below the branches. N. australe was used as an outgroup taxon. 
 
Table 3 
Number of single nucleotide differences across four gene regions (ITS, BT, EF1-a, RPB2)  between species in  the  Neofusicoccum parvum–N. ribis  complex. 
 
Isolate  N. sp.  karanda  N. batangarum  N. cordaticola  N. kwambonambiense  N. parvum  N. ribis
a
  N. umdonicola  No.  ﬁxed  polymorphisms 
N. occulatum  4  9  19  17  13  11  12  1 
N. sp.  karanda   
10  20  18  15  12  13  2 
N. batangarum     
20  18  14  4  5  1 
N. cordaticola       
22  20  22  23  12 
N. kwambonambiense         
16  20  21  9 
N. parvum           
17  17  6 
N. ribis
a
             
7  3 
N. umdonicola               
4 
a   Neofusicoccum ribis  has an indel of  14 bp in the EF1-a region. This is  normally coded as one evolutionary event in phylogenetic analysis, but has been counted as 14 
differences in this table. 
 
isolate, a cross was  etched onto the bottom surface of each plate 
(two lines reaching across the diameter of  each plate and inter- 
secting in  the middle). Colonies were measured at the point the 
mycelium grew over  the etched line. 6  M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx 
 
 
 
 
 
Fig.  2.  Majority rule consensus trees resulting from bootstrap analyses of isolates belonging to the Neofusicoccum parvum/N. ribis  complex for  (A) ITS, (B) BT, (C) EF1-a and (D) 
RPB2 sequenced data. Bootstrap values are indicated above the branches, branches with posterior probabilities greater than 0.70 generated in Bayesian analysis are thickened. 
N. australe was used as an outgroup taxon. 
 
 
2.6. Lesion development on excised  stems 
 
Ex-type isolates of N. ribis  and N. parvum and a selection of 15 
other Australian isolates representing  six  of  the  groups resolved 
from the multiple-gene genealogy data were used in  the trials (N. 
umdonicola and  N. batangarum were not  isolated in  Australia and 
were  not   included  in   the  trials).  Isolates were  grown  on   half 
strength PDA plates for  6 days at 20  oC. Eight  month-old coppiced 
stems of  Eucalyptus globulus were  cut  into 40  cm  sections and all 
leaves and extraneous material was   removed. Both  ends of  each 
stem section were then dipped into melted candle wax  to  prevent 
desiccation.  Using   a  sterile  scalpel blade  a  small lateral  incision 
was  made in  the mid-way down the stem. A 1-cm
2  agar plug col- 
onized  with  mycelium  was   inserted  mycelium  face   down  into 
the  incision. This  was   then  wrapped with  a  piece  of  Paraﬁlm
®. 
Ten  replicates were made for  each isolate and the  control (agar 
without any  mycelium). One  replicate from each isolate was  then 
packed randomly into transparent  ziplock bags  and incubated at 
25  oC for  nine days in the dark. 
The  length of the lesion as  measured on  the surface of the ex- 
cised stem represented the extent of  spread beneath the bark as 
the removal of the layer of bark directly above the lesion showed 
that the spread of the lesion underneath the surface did  not  extend 
beyond that of  the surface lesion. A one-way analysis of  variance 
(ANOVA) was  then performed to determine the variability in lesion 
length exhibited between  the  isolates in  the  Statistica 6.0
®  pro- 
gramme (StatSoft Inc.,  Tulsa,  OK, 2002). Lesion  means were com- 
pared  using  Duncans multiple  range  test.  Correlation between 
lesion length  and  stem  diameter  was   determined  by  regression 
analysis in Statistica. 
 
3. Results 
 
3.1. Phylogenetic analyses 
 
Trimmed  sequences  of  approximately  530  bp   for   ITS  rDNA, 
425  bp  for  b-tubulin, 280  bp  for  EF1-a, 580  bp  for  RPB2, were ob- 
tained for  each of the isolates and new sequences were deposited 
in  GenBank  (Table  1).  Partition homogeneity tests  were  run  for 
all gene regions in all possible combinations and they were all con- 
gruent (p > 0.05).  Bayesian and parsimony analyses both produced 
similar  tree  topologies;  in   general  the  Bayesian tree  topology 
emphasized the  variation between  isolates and  indicated higher 
support for  branches (Fig. 1).  In the combined data set  1826 char- 
acters of  which 124  were informative (57  without the outgroup). 
The  combined dataset  produced 1  tree  of  149   steps  (CI = 0.899, 
RI = 0.967, g1 = -1.423) (Fig. 1. TreeBASE). Bootstrap analysis indi- 
cates  strong  support  for   eight  clades  which  correspond  to   de- 
scribed  or  proposed  species  (Fig.  1):    N.  parvum  (clade  I),  N. 
batangarum (clade II), N. ribis  (clade III), N. umdonicola (clade  IV), 
N.  occulatum (clade  V),  Neofusicoccum  sp.  karanda  (clade VI),  N. 
cordaticola  (clade  VII)  and  N.  kwambonambiense (clade  VIII)  Se- 
quence data indicated species were separated from each other by 
4  to 23  polymorphisms.  Each  species contained  1  to  12  unique M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  7 
and between Neofusicoccum sp.  karanda and N. occulatum on  the 
RPB2 gene tree (Fig. 2D, Table  4). However, N. occulatum exhibited 
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single nucleotide polymorphisms which could be  used to  assist in 
species identiﬁcation  (Table 3).  N. parvum (clade I), contains iso- 
lates collected in  Australia and New  Zealand; and has  four  unique 
nucleotides  (Table 3).  Clades II (N. batangarum) and IV (N. umdon- 
icola)  are  sister species to N. ribis (clade III). N. batangarum  (clade II) 
contains four  isolates collected in  Cameroon, and has  one  unique 
nucleotide (Table 3).  N. ribis  (clade III) contains three isolates from 
the USA; they have three unique nucleotides (Table 3).  N. umdoni- 
cola  (clade IV) consists of ﬁve  isolates collected in  South Africa;  it 
contains four  unique nucleotides  (Table 3).  N. occulatum (clade V) 
contains  one   unique  nucleotide  (Table 3).  The  six  isolates  from 
clade V were collected in  N.E. and E. Australia.  Neofusicoccum sp. 
karanda (clade VI) consists of  two isolates collected in  E. and  N. 
E. Australia; it  contains two unique nucleotides (Table 3).  N. cord- 
aticola (clade VII) contains ﬁve  isolates collected in South Africa;  it 
contains  12   unique  nucleotides  (Table 3).  N.  kwambonambiense 
(Clade  VIII) contains 9 unique nucleotides  (Table 3). This clade con- 
sists of four  isolates collected in  South Africa  and two isolates col- 
lected in  N.E. and E. Australia. 
Data  from the individual gene analyses were used for  the GSI 
method below. The bootstrap trees are  presented in  Fig. 2 and fur- 
ther information on  individual gene tree analyses can  be  found in 
the Appendix. 
 
3.2. GSI Method 
 
N. batangarum, N. cordaticola, N. kwambonambiense, N. parvum and 
N. umdonicola reached  monophyly  at the  ITS locus, low-moderate 
genealogical divergence  is  exhibited  by  all  other species at  this 
locus (low   GSI values ranged from 0.08  to  0.34,  low   GSIT  values 
ranged from 0.25  to  0.41). Signiﬁcant measures of exclusive ances- 
try  are  estimated for  all species except for  Neofusicoccum sp. karan- 
da.  The  low  levels of genealogical divergence are  supported by  the 
failure to  separate N. occulatum,  Neofusicoccum sp.  karanda and N. 
ribis  on  the ITS gene tree (Fig. 2A, Table  4). 
Neofusicoccum sp.  karanda, N. cordaticola, N. kwambonambiense, 
N. ribis and N. umdonicola reached  or were close to  reaching mono- 
phyly at  the  BT locus;  low-moderate  genealogical divergence  is 
exhibited by  all  other species at this locus (GSI values range from 
0.18  to  0.57,  GSIT values range from 0.49  to  0.76). Signiﬁcant mea- 
sures of exclusive ancestry are  estimated for  all  species. The  low- 
moderate  levels of  genealogical divergence  are  supported by  the 
failure to  distinguish between N. occulatum and N. parvum on  the 
BT gene tree (Fig. 2B, Table  4). 
Neofusicoccum sp.  karanda, N. cordaticola, N parvum and N. ribis 
reached  monophyly  at  the  EF1-a locus;  low   genealogical diver- 
gence  is  exhibited by  all  other  species at  this locus (GSI  values 
range from 0.06   to  0.11). However, some  GSIT  values (based on 
Bayesian analysis) are  substantially higher than the GSI value pre- 
sented at the same branch (GSIT  values range from 0.29  to  0.98). 
Signiﬁcant measures  of  exclusive ancestry  are   estimated  for  all 
species. The  low  levels of  genealogical divergence  are  supported 
by  the lack  of  separation of  N. batangarum,  N. umdonicola and  N. 
occulatum on  the EF1-a gene tree (Fig. 2C, Table  4). 
N. cordaticola, N. kwambonambiense, N. parvum and N. umdonico- 
la reached monophyly at the RPB2 locus; low- moderate genealog- 
ical  divergence is  exhibited by  all  other species at this locus (GSI 
values range from 0.12  to  0.67  and GSIT  from 0.5  to  0.79). Signiﬁ- 
cant measures of  exclusive ancestry  are  estimated for  all  species 
except  for  Neofusicoccum  sp.  karanda  during  bootstrap  analysis. 
The  same data set  analysed using a  bayesian approach showed a 
moderate  GSIT   of  0.5   and  a  signiﬁcant  (p < 0.05)   p-value.  The 
low-moderate  levels of  genealogical divergence  are  supported  by 
the  failure to  differentiate between  N. batangarum and  N.  ribis, 8  M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3.  Mean lesion length (cm) on excised stems of Eucalyptus globulus infected with isolates from the Neofusicoccum parvum/N. ribis  complex. Bars represent the standard 
error of  the mean. 
 
 
moderate genealogical divergence (GSI value of 0.67,  GSIT of 0.79) 
at the RPB2 locus; this was  not  obvious on  the RPB2 gene tree. 
No  single locus exhibited  a  high degree of  genealogical diver- 
gence for  all  species  (Table 4),  BT and EF1-a are  the only   loci  to 
estimate a signiﬁcant measure of exclusive ancestry for all species. 
Monophyly has  not  been achieved at all gene regions for all spe- 
cies; however, there is signiﬁcant genealogical divergence between 
groups across all  loci  (Table 4).  GSI analysis of the tree produced 
from bootstrap  of  the  parsimony trees  and the  trees  generated 
from Bayesian analyses of  the combined data set  indicated all  la- 
belled  groups  were  monophyletic  with  signiﬁcant  measures  of 
exclusive ancestry (p < 0.05)  supporting species level  classiﬁcation 
of all  groups (Fig. 1, Table  4). 
 
3.3. Lesion development on excised  stems 
 
All  lesions observed were  light to  dark brown and mycelium 
was  observed beneath the Paraﬁlm
® for many of the isolates. There 
was   not   a  signiﬁcant (r
2 = 0.009, p = 0.090) relationship between 
the diameter of the stem and the lesion length at day  9. After  nine 
days,   lesions  ranged  from  an   average  of  2.71  cm   to   16.89 cm 
(Fig. 3). A large lesion size  was  associated with a higher percentage 
of  stem  girdling. Four   isolates  exhibited  signiﬁcantly  (p < 0.05) 
smaller  lesion  lengths  than  the  other  isolates.  These  isolates 
(MUCC296,   CMW9070 and  MUCC286)   belonged  to  N.  occulatum 
and  Neofusicoccum sp.  karanda (MUCC247). The  lesion lengths for 
the remainder of  the isolates all  exceeded 10 cm  after nine days 
and did  not  differ signiﬁcantly from each other. This  included iso- 
lates  from  N.  occulatum,  Neofusicoccum sp.  karanda,  N.  kwambo- 
nambiense,  N.  parvum  and  N.  ribis.   There  was    no   correlation 
between  lesion  length,  isolate  identity,  geographical location  or 
host association. 
 
3.4. Taxonomy 
 
Neofusicoccum. occulatum   Sakalidis,   M.  L.,  Burgess,  T.  I.,  sp. 
nov.MB  518777 Etymology. Named from the latin word for hidden, 
concealed. Refers  to  the cryptic nature of this species. 
N. occulatum speciebis  aliis  in  complexo specierum  N. parvi/N. 
ribis similis; conidia N. occulatum hyalina unicellularia  fusiformia 
vel   ellipsoidia  vel   cymbiformis,  apicibus  (14.2–22.2)  18.3  X 5.2 
(3.6–7.6) lm,   coffeatus  ad   fuscus  muriformis  subglobosusa  ad 
obpyriformis (7–17) 10.8  X 8.5  (7–10.5) lm vel  perraro obovoide- 
us  ad  late  fusiformis ad  fusiformis (13–24)  18.2   (24)  X 6.9  (6– 
8) lm. N. occulatum a speciebus aliis  loco 1 nuclearibus differt: loco 
‘‘translation elongation factor (1-a)’’ dicto situ 164  (A). 
 
Table 5 
A comparison of conidial characteristics of  species  belonging  to the  Neofusicoccum parvum–N. ribis  complex. 
 
ID  Shape  Colour  Size  (lm)  L:W  Location  Study 
N. occulatum  Fusiform-ovoid  Hyaline  (14.2–22.2) 18.3 X 5.2  (3.6–7.6)  3.5  Australia  This study 
 
 
N. sp.  karanda 
Irregular round 
Irregular long 
Fusiform-ovoid 
Dark brown 
 
Hyaline 
(7.5–13.5) 9.8  X 7.0  (5.8–8.4) 
(11.7–20.4)15.5 X 5.8  (4.1 X 7.6) 
(20.2–14.7) 17.6–5.1 (5.7–4.5) 
1.4,  2.7 
 
3.4 
Australia 
 
Australia 
This Study 
 
This study 
 
 
N. batangarum 
Irregular round 
Irregular long 
Fusoid to ovoid 
Dark brown 
 
Hyaline 
(7–17) 10.8 X 8.5  (7–10.5) 
(13–24) 18.2 (24) X 6.9  (6–8) 
(12–20) 15.5 X 5.5  (4.5–6) 
1.3,  2.6 
 
2.8 
Australia 
 
Cameroon 
This study 
 
Begoude et al.  (2010) 
N. cordaticola  Fusiform-oval  Hyaline  (18–28) 23.5 X 5.3  (4.5–7)  4.3  South Africa  Pavlic et al.  (2009a) 
N. kwambonambiense  Fusiform-ellipsoid  Hyaline  (16–28) 22.3 X 6.3  (5–8)  3.6  South Africa  Pavlic et al.  (2009a) 
N. parvum  Ellipsoid  Hyaline  (12–24) 16.9 X 5.4  (4–6)  3.1  New Zealand  Pennycook and Samuels (1985) 
 
Irregular round  Brown  (8–12) 9.1  X 7.3(6.5–9)  1.25  Australia and New Zealand  Barber et al.  (2005) 
N. ribis  Fusoid to ellipsoid  Hyaline  (15–20) 17.2 X 5.5  (5–7)  3.1  USA  Slippers et al.  (2004a) 
N. umdonicola  Fusiform to oval  Hyaline  (15–23.5) 19.4 X 5.5  (4.5–6.5)  3.5  South Africa  Pavlic et al.  (2009a) M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  9 
in  two other isolates (MUCC227  and MUCC296)  and not  at all  in 
MUCC232. Conidia were not  observed in CMW9070 and MUCC286. 
et al., 2009). In the current study, some species were found within 
the  same  geographical area  and  on   the  same  host  species, or 
 
 
 
Table 6 
Summary of  ﬁxed polymorphisms from four gene regions (ITS, b-tubulin,  EF1-a and 
RPB2)   used  to  identify  species  in   the  Neofusicoccum parvum-  ribis   complex.  The 
position of the nucleotide refers to the aligned dataset of four gene regions (TreeBASE: 
S10644). 
 
 
ITS  BT  EF  RPB2  Total 
N. occulatum  0  0  179(A)  0  1 
N. sp.  karanda   
148(T)  21(T)   
2 
N. batangarum  390(G)       
1 
N. cordaticola  142(C)  35(T)  64(C)  136(A)  12 
 
373(G)  99(T)  229(C)  148(T)   
 
417(C)  319(G)   
301(A)   
       
446(C)   
N. kwambonambiense  164(T)  178(T)  0  85(G)  9 
 
174(G)  238(A)   
418(A)   
   
254(A)   
457(A)   
       
562(C)   
N. parvum  380(C)  86(T)  53(C)  379(T)  6 
 
N. ribis     
160(T) 
54(A) 
65–78
a
 
511(T) 
0 
 
3 
     
213(A)     
N. umdonicola  169(C)  43(A)  82(T)  316(T)  4 
a   Neofusicoccum ribis  has an indel of  14 bp in the EF1-a region. This is  normally 
coded as one evolutionary event in phylogenetic analysis. 
 
 
N. occulatum is morphologically similar to  other related species 
in  the N. parvum/N. ribis  species complex. Conidiomata produced 
on  Populus   sp.  twigs within eight days,   sometimes solitary often 
forming  conidiomatal  clumps.  Rapidly covered  with  mycelium, 
superﬁcial, conical or spherical or obpyriform, unilocular. Paraphy- 
ses  absent. Conidiogeneous cells  holoblastic, hyaline, oval  to  fusi- 
form  [av.   of   149    conidiogeneous  cells    (13.7–4.03)  8.1 X 1.18 
(0.64–2.58)].  Conidia of  N. occulatum are  hyaline, unicellular, fus- 
ifom  to ellipsoid to cymbiform, apices obtuse, base truncate, some- 
time both apices taper (Table 5).  No septa, smooth walled [av. 195 
conidia (14.2–22.2) 18.3  X 5.2  (3.6–7.6), l/w  3.5].  Dichomera conid- 
iogeneous cells  holoblastic, hyaline, globose to  turbinate [av.  of 49 
conidiogeneous cells  (19.3–8.06) 11.8  X 1.4  (2.4–0.8)].  Dichomera 
conidia also  observed, identical to  those described for  N. ribis  by 
Barber et  al.  (2005);  two  forms  observed  ‘‘irregular long’’  and 
‘‘irregular round’’  both brown and muriform (Table 5);  ‘‘irregular 
round’’  1–3  transverse septa, 0–1  long  septa and 0–3  oblique septa 
[average  of  50   conidia  (7.5–13.5)  9.8  X 7.0   (5.8–8.4),  l/w   1.4], 
rarely  found  ‘‘irregular long’’  1–5   transverse  septa,  0–2   oblique 
septa, [average of  20  conidia (11.7–20.4) 15.5  X 5.8  (4.1  X 7.6),  l/ 
w  2.7].  Culture characteristics white, ﬂattened with tufts of white 
mycelium, becoming very   to  dark greenish grey  colour (3/1–4/1) 
after 14 days with the reverse side  of the colonies greenish black 
(10Y2.5/1). Optimal  temperature   for   growth  30  oC,  covering a 
90 mm Petri dish on  MEA  in  3–4  days,   limited growth occurred 
at 4 oCand 10  oC. N. occulatum differs from other species in  the N. 
parvum/N. ribis  complex by  one  uniquely ﬁxed nucleotide  in  one 
nuclear locus: translation  elongation-factor 1-a position 164   (A) 
(Table 6). Teleomorph. Not  known. Synanamorph: Dichomera. 
Material  examined  March  2002,  Karanda,  QLD,  AUSTRALIA, 
symptomless  branches  of  Eucalyptus grandis  hybrid  T.I.  Burgess 
(Holotype    MURU467  on    Populus    sp.    twigs;  ex-type  culture 
MUCC227,  CBS 128008). Additional specimens examined:  E. Aus- 
tralia.  Wollemia nobilis,  B. Summerall  (CMW9070); N.E. Australia, 
E. urophylla hybrid, T.I. Burgess (MUCC232); N.E. Australia, Eucalyp- 
tus  pellita.  T.I. Burgess (MUCC286  and  MUCC296); N.E. Australia, E. 
grandis, T.I. Burgess (MUCC270). 
Notes:  A  light  yellowish pigment  was   observed  once  in  the 
media  of  three  isolates MUCC270   and  MUCC296   (incubated at 
25  oC)  and  MUCC232   (incubated at  20  oC).  The  Dichomera  spore 
type dominated in  one  isolate, MUCC270,  it  was  only  seen rarely 
In  all  cases the ‘‘round’’ Dichomera spore type (Barber et al., 2005) 
dominated, the ‘‘long’’ Dichomera spore type  was  only  seen rarely. 
Drawings  of  the  Dichomera spore  type  for  MUCC286   were pre- 
sented by  Barber et al.  (2005). The  spore morphology of  isolates 
in  this study (Table 5)  indicated no  consistent morphological dis- 
tinction between isolates attributed to  N. parvum and N. ribis, thus 
supporting the observations of  (Slippers et al.,  2004a) and (Pavlic 
et al., 2009a). Measurements of all  isolates fell  within those previ- 
ously observed for  N. parvum, N. ribis,  N. umdonicola, N. cordaticola, 
N.  kwambonambiense and  N.  batangarum (Begoude et  al.,  2010; 
Pavlic  et al., 2009a; Slippers et al., 2004a). N. parvum differed from 
all  other species by  four  unique nucleotides across three loci,  ITS 
region 378  (C), BT position 86  (T) and RPB2 position 379  (T) and 
511   (T)  (Table  6).  N.  ribis  differed from  all  other  species across 
two  loci;   BT position 160   (T)  and  EF1-a and  indel at  positions 
64–77 and 211   (A)  (Table  6).  Neofusicoccum  sp.  karanda differed 
from all  other species by  two unique nucleotides across two loci; 
BT position 148  (T) and EF1-a position  21  (T) (Table 6). This species 
also  exhibited an  optimum growth at 30  oC. 
 
 
 
4. Discussion 
 
In  this study we  used three  species recognition concepts and 
the GSI statistical method to  interrogate the relationships between 
isolates from the N. parvum–N. ribis  species complex. Eight  clades 
were resolved based on  sequence data analysis: N. ribis,  N. parvum, 
N. kwambonambiense,  N. umdonicola, N. cordaticola, N. batangarum 
and two additional clades described here as  N. occulatum and Neo- 
fusicoccum sp.  karanda. The taxonomic status of the  Neofusicoccum 
sp.  karanda was   clariﬁed after analysis using the  GSI method.  In 
consideration of  the level   of  genetic diversity amongst species in 
the N. parvum–N.  ribis  complex, we  hesitate to  formally describe 
a species with only  two isolates. 
The  low  genetic divergence observed by  some species at some 
loci  suggests monophyly has  not  been reached at these sites; in- 
stead a paraphyletic relationship is exhibited. N. occulatum is para- 
phlyetic across all four  loci;  N. batangarum across three loci;  N. ribis 
and  Neofusicoccum sp.  karanda across two loci;   N. kwambonamb- 
iense,  N. parvum and N. umdonicola across one  locus. Whilst N. cord- 
aticola  has   achieved monophyly at  all   four   loci.   However, the 
conferral of species status is dependent upon the consensus across 
multiple gene trees (Taylor et al., 2000). In a study of mouse lemurs 
(Weisrock et al., 2010), species were identiﬁed with the aid  of the 
GSI despite little evidence of monophyly amongst individual gene 
regions. In the current study the combined gene tree is monophy- 
letic   for  all  species (GSI results) and all  species level  nodes have 
high statistical support for  both bootstrap and bayesian analyses 
conﬁrming species level  classiﬁcation for  all named species. 
No  single  gene  tree  was   able   to   separate  all   eight  species 
identiﬁed in  this study, and to  identify cryptic species of  the N. 
parvum–N. ribis  species complex, a  combined gene tree approach 
was  required. The  combined data set  indicates there is signiﬁcant 
genealogical divergence of  all  species. This  provides evidence sup- 
porting the separation of  the  labelled groups as  distinct  species. 
The  aim  of this study was  to  focus on  the collection of Australian 
isolates in  the N. parvum–N.  ribis  complex. However, the  genetic 
diversity within N. parvum indicates that this species may still  har- 
bour further cryptic species; suggesting an  N. parvum species com- 
plex,  which may,  in  time, be  resolved. We  interpret the low  levels 
of monophyly in  some cases as  possible indication of recent diver- 
gence. Evidence of hybridisation or  introgression between isolates 
is  commonly  observed  from  recently  diverged  groups  (Maroja 1
0 
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individual host tree, however, for the data set  examined there was 
no  evidence for  introgression. 
It  is  not  clear what drives speciation amongst the Botryosph- 
aeriaceae as  there do  not  seem to  be  any  distinct environmental 
(other  than  broad scale climatic limitations  of  some  genera)  or 
host  speciﬁc members  within  these  groups.  There is  little  evi- 
dence of  host and fungal co-evolution within the Botryosphaeri- 
aceae; based on  phylogenetic analysis  it  is  likely   that  members 
of    Botryosphaeriaceae  initially  evolved  on    angiosperms  and 
eventually  colonised gymnosperms  (de   Wet   et al.,  2008).  Many 
members  of  the  Botryosphaeriaceae show  little  host  speciﬁcity 
(Slippers and  Wingﬁeld, 2007), suggesting biotic and  abiotic fac- 
tors  contributing  to   range  expansion  and  speciation  are   inﬂu- 
enced   by    climatic  conditions  and   host   health   i.e.   rainfall, 
humidity and host stress. Climate is  suggested as  a  limiting fac- 
tor   as  different Botryosphaeriaceae species dominate  the  coloni- 
sation  of  grapevine  in  Mexico (Úrbez-Torres et  al.,  2008),  Spain 
(Úrbez-Torres et al.,  2006), South Australia and New  South Wales 
(Pitt  et al.,  2010). Among the  genera of  Botryosphaeriaceae there 
does  seem  to   be   a  general trend  of  Lasiodiplodia  species  being 
adapted   to    tropical   to    sub-tropical   locations  (Abdollahzadeh 
et  al.,  2010;  Alves   et  al.,  2008;  Begoude et  al.,  2010;  Burgess 
et  al.,  2006a;  Pavlic   et  al.,  2004)  and  Neofusicoccum species to 
Mediterranean  and  temperate   locations  (Burgess et  al.,   2005; 
Crous   et  al.,  2007;  Phillips et  al.,  2002;  Slippers et  al.,  2004b, 
2004c;  Taylor   et  al.,  2009;  van   Niekerk et  al.,  2004). Frequent 
anthropogenic  movement  could have had  a  major effect on  spe- 
ciation  in  this  group. Commercial endeavours  with  agricultural, 
horticultural  and forest crops have brought these host generalist 
species into  new  habitats  exposing them  to   many  more  hosts 
and environmental conditions than  would have occurred within 
their  endemic  range.  Examination of  lifestyles and  interactions 
of  multiple species within  a  single host  may develop an  under- 
standing of  the  ecology of  Botryosphaeriaceae and  assist  in  elu- 
cidating  the  limiting  factors  that  control  their  distribution  or 
limit success in  a  new environment. 
If molecular data such as  ﬁxed polymorphisms are  used to  for- 
mally describe species within a complex, when new sister species 
are  identiﬁed, the unique polymorphisms characterising the indi- 
vidual species, must be  reviewed, as  new sister species may share 
some of  these  polymorphisms. This  situation is  probable for  re- 
cently diverged species or  those when barriers to  gene ﬂow  have 
not  been fully  developed. 
Taylor  et al.  (2000) encourages the use  of multiple concordant 
gene genealogies to delineate species. This approach has  been used 
to  identify four  other species within the N. parvum–N. ribis  com- 
plex  (Begoude et al., 2010; Pavlic  et al., 2009a) and in other fungal 
species  (O’Donnell et  al.,  2004; Villalta et al.,  2009). The  GSI as  a 
statistical measure enables the visualisation of genetic divergence 
in  a  single numerical value with statistical support  (p-value), this 
method can  be  used in combination with combined gene tree phy- 
logenies to  determine species level  classiﬁcation. Furthermore, the 
GSI provides information on  the extent of lineage divergence on  a 
scale of  0–1,  whilst phylogenetic interpretation  of  a gene tree as- 
sumes monophyly has  been or  has  not  been achieved (Cummings 
et al., 2008). The  GSI provides a single value which makes compar- 
isons amongst multi- gene regions and different species easier to 
interpret. The  GSI can  help establish the most informative loci  for 
species  identiﬁcation  and  provides  insight  on    the  evolution  of 
selectively neutral loci  that are  considered in  phylogenetic analy- 
ses.  The  GSI is most useful in  situations that conﬂicting gene trees 
may occur as  it  is able  to  inform of the level  of genetic divergence 
when the evolutionary endpoint of monophyly may not  have been 
achieved  (Cummings et  al.,  2008).  This   method  is  particularly 
applicable to  species complexes; and cases of hybridisation. 
The pathogenicity trial indicated that six taxa from the complex 
are  able  to  infect and produce lesions on  E. globulus. Isolates iden- 
tiﬁed  as  N. occulatum exhibited  a  wide range  of  lesion lengths; 
from small  (MUCC286   and  CMW9070); moderate  (MUCC296) to 
long   (MUCC227 and  MUCC270).   The  majority  of  isolates tested 
showed no  signiﬁcant difference in  lesion development on  excised 
E. globulus stems, and the  variability observed  was  not  related to 
the  fungal  species.  Pathogenic  variation  within  species  of  Bot- 
ryosphaeriaceae has  been shown in Neoscytalidium novaehollandiae 
towards Mangifera indica  (Sakalidis et al., 2011), N. australe towards 
Eucalyptus gomphocephala (Taylor et  al.,  2009)  and  Lasiodiplodia 
gonubiensis  towards    Eucalyptus  grandis X camaldulensis   (Pavlic 
et al., 2007). The  reasons for  this variation remain to  be  elucidated 
and may lie  in  further studies investigating pathogen genes and 
their expression such as  studies involving pathogenicity genes in 
Candida  spp.   (Butler et  al.,  2009)  and  Magnaporthe oryzae   (Chi 
et al., 2009) and gene expression in  Batrachochytrium dendrobatidis 
(Rosenblum et al., 2008). 
The  geographical and host range of  one  of the species recently 
described by  Pavlic  et al.  (2009) was  extended. N. kwambonamb- 
iense  has  previously been found only  on  Syzygium  cordatum in na- 
tive  habitats in  South Africa.  In  this study we  found this species 
from non-native environments on  Eucalyptus dunnii in eastern Aus- 
tralia  and  Corymbia torelliana  in   north-eastern   Australia.  Bot- 
ryosphaeriaceae  are   generally opportunistic  host  colonists and 
have been shown to  colonise exotic host species in  their endemic 
habitat (Burgess et al.,  2006b; Pérez et al.,  2010; Sakalidis et al., 
2011). South  Africa  has   large eucalypt  plantations  and  Australia 
has   eucalypts in  both natural and non-natural (plantation, orna- 
mental) settings. It  is  possible that  N. kwambonambiense  has   in- 
fected  exotic  hosts  in  South  Africa   and  exchange of  Eucalyptus 
spp.  or other host spp.  between countries may be  a of source exotic 
pathogen  introduction  into Australia and South Africa.  Anthropo- 
logical  mediated   exchange  of   Rhynchosporium  secalis,   between 
South Africa and Australia has  been hypothesised as the most likely 
cause to  account for  the geneﬂow between these geographically 
isolated populations (Linde,  2010). Further surveys of exotic hosts 
located close to  endemic S. cordatum populations  in  South  Africa 
and native tree species adjacent to  plantation tree species would 
assist in  determining if  N. kwambonambiense co-occurs  naturally 
in  both Australia and South Africa  or  has  been introduced to  one 
of these countries. 
It is difﬁcult to  give  further biological meaning to  the phyloge- 
netic groups identiﬁed in  this study, as  the isolates within them 
also   share  overlapping niches  i.e.  host  and  range  (all   from the 
sub  tropics). As there is no observable host or geographical special- 
ization amongst species in  this complex, this indicates there may 
be another factor driving speciation in this group. Further intensive 
studies  focusing on   ecological data  i.e.  behaviour  on   hosts  and 
interactions with other isolates within the complex and in  partic- 
ular those isolated from the same canker would provide a fascinat- 
ing   insight  into  the  mechanics of  these species; especially the 
correlation between molecular and ecological data. 
Slippers (2003) and Pavlic  et al.  (2009b) suggested that mem- 
bers of Botryosphaeriaceae should be  analysed within their local- 
ised    geographical  host   areas.  This   may  apply  when   one    is 
exploring  a   naturally  occurring  endemic  population.  However, 
many studies are  based on  isolates obtained from diseased and/ 
or  asymptomatic trees in  highly disturbed and human inﬂuenced 
environments, such as  the  Eucalyptus plantations sampled in  the 
current study. Repeated introductions and movement of microﬂora 
may have occurred via  host tissue transfer. Thus,  while some spe- 
cies  within the N. parvum–N. ribis  complex appear to  be  geograph- 
ically     restricted,   others   have   been   isolated   from   different 
continents.  We  suggest species identiﬁed from highly disturbed M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  11 
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and/or human mediated environments should be  analysed from a 
global perspective rather than regional. 
 
5. Conclusions 
 
Contradictions between molecular and phenotypic data directly 
confront a central issue in  modern taxonomy, what happens when 
they don’t  agree? Which should take precedence? A species con- 
cept explains the type of entity described as  a species, whilst spe- 
cies  recognition criteria details the  requirements  an  entity must 
have in  order to  belong to  the same species (Paul,  2002;  Taylor 
et al., 2000). A species recognition concept must provide the oper- 
ational tools that distinguish between species. The  same property 
must be used to compare different individuals or species; DNA pro- 
vides  an  ideal method  of  comparison.  The  evolutionary  species 
concept  describes  species  as  a  process  or  a  continuum, and the 
GCPSRC enables the visualisation of this process in relation to other 
species.  This  enables  us  to  delineate  between  species, which  is 
essentially why we  name them. Thus,  in  the case  at hand, based 
on  GPSRC and the GSI there are  eight phylogenetic species within 
the N. ribis/N.  parvum species complex, if we  relied purely on  mor- 
phological and ecological characteristics  then there would only  one 
diverse species. Whilst  morphological and  ecological characteris- 
tics  are  integral considerations in  species discovery, the GSI meth- 
od allows us  to identify and quantify distinct lineages that may not 
always be  obvious based  on  gene tree data. The  classiﬁcation  of 
Neofusicoccum sp. karanda identiﬁed in this study was  not  immedi- 
ately obvious on the gene trees, but the GSI method and probability 
values supported this as  a  distinct species. For  species identiﬁca- 
tion and determination the GSI method is  a  useful tool  to  use  in 
conjunction with multi-gene phylogeny analyses. We  also  suggest 
the genetic diversity apparent within N. parvum suggests there are 
still  multiple cryptic species within this taxon, forming an  N. par- 
vum  species complex. Further  collections in  plantations and sur- 
rounding  native  forests  may  clarify the  evolutionary  behaviour 
and genetic relationships of this lineage. 
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Appendix  
Phylogenetic analysis of individual gene trees 
The ITSrDNA dataset contained 522 characters of which 23 (12 without outgroup) were parsimony informative. The 
ITSrDNA dataset produced 4 trees of 28 steps (CI=0.857, RI=0.953, g1=-1.113). Bootstrap analysis supported five 
clades. Neofusicoccum batangarum, N. ribis, N. occulatum, Neofusicoccum sp. karanda and three isolates N. parvum 
were in clade I. Clade II consisted of the remaining six isolates of N. parvum. Clade III corresponded to N. cordaticola, 
clade IV to N. kwambonambiense and clade V to N. umdonicola.  
The β-tubulin dataset contained 429 characters of which 23 (13 without outgroup) were parsimony informative. The β-
tubulin dataset produced two trees of 25 steps (CI=0.92, RI=0.981, g1=-0.453. Bootstrap analysis supported seven 
clades. Clade I consisted of N. parvum. N. batangarum and N. ribis were in clade II. Clade III corresponded to N. 
umdonicola. Clade IV to N. occulatum. Clade V to Neofusicoccum sp. karanda. Clade VI to N. cordaticola and clade VII 
to N. kwambonambiense. 
The EF1-α dataset contained 298 characters of which 40 (13 without outgroup) were parsimony informative. The EF1-α 
dataset produced 34 trees of 52 steps (CI=0.902, RI=0.949, g1=-3.420). Bootstrap analysis supported six clades. Clade I 
consisted of N. parvum. Clade II consisted of N. batangarum, N. ribis, N. umdonicola and the four South African isolates 
of N. kwambonambiense. Clade III corresponded to N. occulatum. Clade IV to Neofusicoccum sp. karanda. Clade V to 
N. cordaticola and Clade VI to the two Australian isolates of N. kwambonambiense. 
The RPB2 dataset contained 577 characters of which 38 (19 without outgroup) were parsimony informative. The RPB2 
dataset produced 1 trees of 40 steps (CI=1, RI=1, g1=-0.697). Bootstrap analysis supported six clades. Clade I consisted 
of N. parvum. Clade II consisted of N. batangarum and N. ribis. Clade III corresponded to N. umdonicola. Clade IV to N. 
occulatum and Neofusicoccum sp. karanda. Clade V to N. kwambonambiense and clade VI to N. cordaticola. 
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Appendix  
Table 1  
Polymorphic informative nucleotides from four gene regions (ITS, β-tubulin, EF1-α and RPB2) of species in the Neofusicoccum parvum- ribis complex. Polymorphisms 
unique to the identified species are in bold type, whilst those shared with N. ribis are unmarked. The position of the nucleotide refers to the aligned dataset for four 
gene regions (TreeBASE: S10644).  
 
            ITS                              BT           
Code  51  67  102  115  142  164  169  174  373  380  390  417    35  43  86  99  118  148  160  178  238  254  319  382  400 
N. ribis                                         
CMW7772  A  T  G  G  T  C  T  A  A  T  A  T    C  G  C  C  G  A  T  C  G  T  Ch  T  T 
CMW7773                                                     
CBS121.26                                                     
N. occulatum                                         
MUCC227                                        C          C  C 
MUCC9070                                        C          C  C 
MUCC232      C                                  C          C  C 
MUCC286                                        C          C  C 
MUCC296      C                                  C          C  C 
MUCC270      C                                  C          C  C 
N. sp. karanda                                         
MUCC247                                      T  C          C  C 
MUCC125                                      T  C          C  C 
N. batangarum                                         
CBS124922                      G                  C             M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  15 
 
 
            ITS                              BT           
Code  51  67  102  115  142  164  169  174  373  380  390  417    35  43  86  99  118  148  160  178  238  254  319  382  400 
CBS124924                      G                  C             
CBS124923                      G                  C             
CMW28637                      G                  C             
N. cordaticola                                           
CBS123634        -  C        G      C    T      T      C        G  C  C 
CBS123635        -  C        G      C    T      T      C        G  C  C 
CBS123636        -  C        G      C    T      T      C        G  C  C 
CBS123637        -  C        G      C    T      T      C        G  C  C 
CBS123638        -  C        G      C    T      T      C        G  C  C 
N. kwambonambiense                                           
MUCC157    C    -    T    G                    A    C  T  A  A    C  C 
MUCC210    C    -    T    G                    A    C  T  A  A    C  C 
CBS123639        -    T    G                    A    C  T  A  A    C  C 
CBS123641        -    T    G                    A    C  T  A  A    C  C 
CBS123643        -    T    G                    A    C  T  A  A    C  C 
CBS123645        -    T    G                    A    C  T  A  A    C  C 
N. parvum                                             
CMW6235        -            C            T    A    C             
CMW673        -            C            T    A    C             
CMW9071        -            C            T    A    C          C  C 
MUCC124  T      -            C            T    A    C          C   1
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            ITS                              BT           
Code  51  67  102  115  142  164  169  174  373  380  390  417    35  43  86  99  118  148  160  178  238  254  319  382  400 
MUCC211  T      -            C            T    A    C          C  C 
MUCC676  T      -            C            T    A    C          C  C 
ICMP7933  T      -            C            T    A    C          C  C 
ICMP8002  T      -            C            T    A    C          C  C 
ICMP8003  T                  C            T    A    C          C  C 
N. umdonicola                                           
CBS123645              C                A          C             
CBS123646              C                A          C             
CMW14096              C                A          C             
CBS123647              C                A          C             
CBS123648              C                A          C             M.L. Sakalidis et  al. / Molecular Phylogenetics and Evolution xxx (2011) xxx–xxx  17 
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